Some general considerations on a future linear collider and selected topics of two photon physics measurements which can be performed at such a collider are presented. This review discusses the total photon-photon cross section, jet cross sections, structure functions, charm production, the BFKL Pomeron, W pair production, and Higgs production.
Introduction
With the advent of a future linear collider two photon physics will be important for several reasons. Firstly the high centre-of-mass energy in the order of 0.5−2 TeV enables to extend the two photon physics measurements performed at LEP. Examples of such measurements are the measurements of the photon structure functions which can be performed at much higher momentum transfer squared of the virtual photon and the measurements of the total photon-photon cross section and of jet cross sections in photon-photon scattering which can be extended to larger invariant masses and jet transverse momenta. Secondly two photon physics gets extended to new channels, especially if a photon linear collider, PLC, can be build [1] . In such a case the linear collider will be a W -factory with millions of polarised W pairs being produced per year. Even more important will be the fact that the Higgs boson can be produced in the photon-photon fusion process γγ → H. The study of this process will provide very valuable information on how particle masses are generated. Thirdly two photon physics processes will play an even more important role as background for searches for new physics than they already do in searches performed at LEP. The material presented here is a personal collection of topics which I find interesting and it is not a complete survey of all topics under study. The review mainly relies on the work done within the DESY ECFA study groups on the physics potential of a future linear collider.
The Instruments
There are several research programmes around the world which investigate different options on how to build a future linear collider. The individual projects pursued today are, CLIC [2] , JLC [3] , NLC [4] and TESLA [5] . This review only discusses the physics measurements which can be performed at such a collider and it does not consider the arguments in favour or against the individual attempts and also not the prospects for the construction of a PLC. Only the general features of a generic linear collider, see Figure colliders LEP and SLC. Table 1 shows the improvements on several machine parameters which have to be achieved in order to arrive at a luminosity of the order of 10 34 /cm 2 s, which would lead to an integrated luminosity of about 100 fb −1 per year of operation. For several reactions the cross sections for incoming photons are larger than for incoming electrons of the same energy, see Section 3, and some reactions like e.g. the very important process γγ → H are only possible in reactions of high energetic photons. Therefore there is a strong interest in the construction of a PLC, which would be an ideal source of high energetic photons. In order to build a PLC several constrains have to be imposed on the machine and the interaction region of a γγ collider, shown schematically in Figure 1 , has to be designed differently than an interaction region for the e + e − collider. The general procedure to produce a beam of high energetic photons from the electron beam by means of the Compton backscattering process is shown in Figure 2 . The photons are produced by a high intensity laser and brought into collision with the electron beams at distances of about 0.1−1 cm from the interaction point. The photons are scattered into a small cone around the initial electron direction and receive a large fraction of the electron energy. The opening angle is such that the high energetic photons produce a smaller beam spot than the softer ones. If the Compton scattering is done on one side (two sides) than the collider runs in the eγ (γγ mode). For a γγ collider there will always be remaining eγ and ee luminosities, Figure 3 (a), because some of the leftover electrons of the so called spent beams will reach the interaction region. The remaining eγ and ee luminosities can considerably be reduced by magnetic deflection of the spent beam, Figure 3(b) .
The critical parameters of a PLC are the achievable γγ luminosity, the energy spectrum of the Compton scattered photons, the resulting polarisation of the photon beam, the background produced at the interaction region, and the remaining eγ and ee luminosities. Within limits several of these parameters can be chosen at will [6, 7] by changing the distance along the beam line between of the production of the backscattered photons and the interaction region, b, by selecting the polarisation of the laser beam, P c , and the polarisation of electron beam, λ e , and by magnetic reflection of the spent beam, as illustrated in Figure 3(c,d) . The most peaked energy distribution is achieved for 2P c λ e = −1 and b → 0. Here k = N γ /N e is the fraction of electrons that can be converted into photons and a is the r.m.s radius of the electron beam at the interaction point. The symbols ω 0 and E 0 denote the energies of the laser photons and beam electrons, respectively and x = E 0 ω 0 m 2 c 4 , with m being the mass of the electron. The geometrical luminosity, L ee = L geom , is defined as L geom = N 2 f /(4πσ x σ y ), where N is the number of particles in the beam, f is the repetition frequency, and σ x and σ y are the transverse beam sizes at the interaction point. In summary a typical distribution of γγ and eγ luminosity as a function of the invariant mass peaks at the maximum reachable invariant mass of around 0.8 √ s ee with widths of ∆W γγ /W γγ ≈ 0.15 for γγ, and ∆W eγ /W eγ ≈ 0.05 for eγ collisions [7] . The linear collider, even when running in optimal conditions will produce a huge amount of background where many particles are produced especially in the forward regions of the detector. In order to cope with this background the detector has to be shielded with a massive mask as shown e.g. for the TESLA design in Figure 4 .
Detailed background studies for the linear collider were performed. The background sources are synchrotron radiation in the last doublet of quadrupole magnets and the final focus system, muons accompanying the beams, beamstrahlung (photon radiation of electrons of one beam in the strong field of the electrons of the other beam) which will mainly lead to e + e − pair creation, hadronic background and for a PLC also losses of the spent beams. The photon radiation will lead to a significant energy smearing for the electrons of the beams. The expected energy spectrum of the electrons at the interaction region is shown in Figure 5 (a). For the e + e − mode the background simulation [8] showed that the amount of background expected per bunch crossing for the TESLA design is about 10 5 e + e − pairs with a total energy of 1.5 · 10 5 GeV and about 0.13 events of the type γγ → hadrons for hadronic masses W had > 5 GeV with an average visible energy of E vis = 10 GeV, see Figure 5 (b). The prospects of two photon physics measurements have to be discussed in the context of this expected machine parameter dependent 'soft' underlying background.
Some selected physics topics
The main processes that will be studied at a future linear collider are e + e − annihilation reactions. Figure 6 shows the cross sections for those reactions together with the cross sections for e − γ and γγ reactions as a function of the respective centre-of-mass energy [9] . The calculations are performed for a restricted range in polar angle, θ, for the outgoing particles or partons from the hard sub-process, 10 < θ < 170 deg. In addition the invariant masses of the µ + µ − andfinal states in the inelastic Compton processes are restricted to M µ + µ − ,qq > 50 GeV. The expected cross sections as a function of the centre-of mass energies, from Ref. [9] . Shown are (a) some e + e − reactions and (b) e − γ and γγ reactions, all as functions of the respective centre-of mass energy
For an integrated luminosity of about 20 fb −1 per year of operation the expected event rate for a cross section of 1 pb is 20000 events. It can be seen that e.g. the available cross section for W production is much higher in the γγ mode than in the e + e − mode at √ s ee = √ s γγ . Given this it is clear that the scenario for two-photon physics will be very much depending on whether a PLC can be build or not.
The following topics will be discussed: 1. The total hadronic photon-photon cross section 2. Jet cross sections in photon-photon scattering 3. The measurement of the photon structure function F 5. The signature of the BFKL Pomeron in σ γ ⋆ γ ⋆ 6. The production of W pairs 7. The Higgs discovery potential of the process γγ → H → bb, the total decay width Γ(H → γγ) and the reaction γγ → H → ZZ Several topics are not covered, amongst those are e.g. resonances, searches for new particles other than the Higgs boson, diffraction, the production of photon pairs, and much more. The considerations for the selected topics are based on the energy spectrum of the bremsstrahlung photons using the equivalent photon approximation, EPA, on the energy spectrum of the beamstrahlungs photons which strongly depends on the machine parameters and on the energy spectrum of the Compton scattered photons for specific configurations of a PLC. The total cross section measurements and theoretical expectations. Shown are (a) the LEP measurements together with the older data compared to several theoretical predictions, from Ref. [10] , and (b) a comparison of the data with predictions from the eikonalised minijet model and Regge based models with extrapolations to higher energies, from Ref. [11] .
The total hadronic cross section σ γ γ for the reaction γγ → hadrons is of special theoretical interest as it allows to test theories which try to consistently describe protonantiproton, proton-proton, photon-proton and photon-photon interactions [11, 12] . Only a slow rise as function of the photon-photon invariant mass is predicted for σ γ γ , which means that a very large lever arm is needed in order to disentangle the different slopes of the various predictions. Compared to the pre LEP data there is already quite an improvement on precision and lever arm from the LEP data, see Figure 7 , and indeed a slow rise is seen in the OPAL [10] and L3 [13] data. This measurement can be extended to larger values of W with a future linear collider, but it has to be kept in mind that the precision of the present LEP data is limited by the uncertainty of the theoretical description of the observable and especially also the unobservable hadronic final states as implemented in Monte Carlo models.
Looking more exclusively than the total cross section NLO jet cross sections can be confronted with the data. This has been done at LEP [14] , Figure 8 (a), and good agreement was found between the inclusive jet cross sections observed on the hadronic level and the NLO calculations of Ref. [15] . This measurement gives information on the relative amount of the direct processes, in which the photon directly takes part in the hard interaction, and the resolved processes, where either one or both photons resolve into a partonic state and only one of the partons, either a quark or a gluon, takes part in the hard interaction. These measurements can be extended, Figure 8 (b), to larger jet transverse momenta [15] . However it has to kept in mind that in this region the jet cross section is dominated by direct processes where not much information on the internal structure of the photon can be obtained. This fact can be circumvented by using the di-jet sample and separating the direct and the resolved processes by measuring the fraction of the photon momentum, x γ , which participates in the hard interaction [14] . Another important part is the region of low jet transverse momenta which is dominated by processes initiated by the gluons in the photon. Again this is a theoretically difficult region because the jet transverse momentum is the hard scale in the process which should not get too small in order for theoretical predictions to be reliable. Structure function measurements are an active research project at LEP and the results cover the Q 2 range from about 1.5 to 300 GeV 2 and the x range from 0.001 to about 1. Two main questions are addressed, the behaviour of the photon structure function F γ 2
at low values of x and the Q 2 evolution of the structure function F γ 2 at medium x, see Ref. [16] for a review. Both these topics can be studied at a future linear collider but stringent requirements have to be imposed on the detector design [9] . The region of high Q 2 and high x can already be studied with an electromagnetic calorimeter located outside the shielding mask covering polar angles of the tagged electrons of θ tag > 175 mrad which is able to detect electrons with energies above 50% of the beam energy, Figure 9(a,b) . The errors shown in Figure 9 are the quadratic sum of the statistical and the systematic components. The statistical error is calculated based on the GRV LO structure function F γ 2 [17] for an integrated luminosity of 10 fb −1 . The systematic error is assumed to be equal to the statistical error but amounts to at least 5%. Therefore the precision indicated in Figure 9 has to be taken with care as the systematic errors shown do not reflect the present level of precision of the LEP data. In order to achieve overlap in Q 2 with the LEP data the electron detection has to be possible down to θ tag > 40 mrad, Figure 9 (c,d), The prospects for structure function measurements at a future linear collider, from Ref. [9] . Shown are hypothetical LEP data and linear collider data for different minimal detection angles of the scattered electrons, θ tag . In (a,b) θ tag > 175 mrad is assumed and (c,d) is based on θ tag > 40 mrad.
which means the mask has to be instrumented, and the calorimeter has to be able to detect electrons which carry 50% of the beam energy in the huge but flat background of electron pairs discussed in Section 2. The measurement of the Q 2 evolution of the structure function F γ 2 constitutes a fundamental test of QCD. The status of the measurements as of today is reviewed in Figure 10 , which is taken from Ref. [16] and extended by adding the preliminary measurement from L3 at Q 2 = 120 GeV 2 , see Ref. [18] . The prospects of the extension of the measurement at a future linear collider with √ s = 500 GeV are shown for two scenarios. It is assumed that electrons can be tagged for energies E tag /E b > 0.5 and for angles of θ tag > 40 mrad (LC1) and θ tag > 175 mrad (LC2). The measured values are taken to be equal to the prediction of the leading order GRV photon structure function F γ 2 in the respective ranges in x, which are chosen to be 0.1 < x < 0.6 for LC1 and 0.3 < x < 0.8 for LC2. The statistical errors of the hypothetical measurements are calculated from the number of events as predicted by the HERWIG Monte Carlo [19] for the leading order GRV photon structure function F γ 2 in bins of Q 2 using the ranges in x as indicated in Figure 10 . The systematic error is assumed to be 6.7% and to be independent of Q 2 . This assumption is based on the systematic error of the published LEP result with the highest Q 2 from OPAL [20] . The symmetrised value of the published systematic error at Q 2 = 135 GeV 2 is 13.4%. It is assumed that this error can be improved by a factor of two. With this assumptions the error on the measurement is dominated by the systematic error up to the highest Q 2 values. It is clear from Figure 10 that overlap in Q 2 with the existing data can only be achieved if electron detection with θ tag > 40 mrad is possible. For θ tag > 175 mrad sufficient statistics is only available for Q 2 above around 1000 GeV 2 . In summary with the data from the linear collider the measurement of the Q 2 evolution of the structure function F γ 2 , Figure 10 , can be extended to about Q 2 = 20000 GeV 2 and the behaviour of F γ 2 at low values of x can be investigated down to x ≈ 5·10 −2 (x ≈ 5·10 −4 ) for an electron acceptance of θ tag > 175 mrad (θ tag > 40 mrad) [9] . For a PLC a completely new scenario for photon structure function measurements would be opened. For the first time measurements could be performed with beams of high energetic photons of known energy with a rather small energy spread instead of measurements using the broad bremsstrahlungs spectrum of photons radiated by electrons. With this the measurements of the photon structure function would be on a similar ground than the measurement of the proton structure function at HERA. Another very important improvement for structure function measurements would be the detection of the electron that radiates the quasi-real photon and is scattered under almost zero angle. If this could be achieved the precision of structure function measurements would significantly be improved, because x could be calculated from the two detected electrons, and therefore independently of the hadronic final state. Given that the dominant systematic error of the structure function measurement comes from the imperfect description of the hadronic final state by the Monte Carlo models, this would be a important step to reduce the systematic error of structure function measurements. Figure 11 : The charm cross section for photon-photon interactions, from Ref. [21] . Shown are the total cross section (full line) and the individual contributions, direct (direct), single resolved (1-res) and double resolved (2-res).
Pairs of charm quarks will be copiously produced at a future linear collider. Figure 11 shows the calculation from Ref. [21] for the production of cc pairs in photon-photon scattering based on the bremsstrahlungs photons approximated by the EPA. The prediction is about 4 · 10 7 cc events with W min = 3.8 GeV for an integrated luminosity of 20 fb −1 . This calculation takes into account the direct and the single-resolved contribution in NLO, and the double-resolved contribution, which is much smaller, in LO. The mass of the charm quark is taken to be m c = 1.6 GeV, the renormalisation scale is set to µ = √ 2m c and Λ (4) = 340 MeV in the MS scheme. The cross section of the direct process is a pure QCD prediction which only depends on the mass of the charm quark and on α s . It has been shown [22] that a fair amount of these events can be observed within the acceptance of the detector allowing to test this pure QCD prediction.
Also in the case of deep inelastic electron-photon scattering charm quark pairs are frequently produced [23] . The contribution of the individual quark species to the structure function F γ 2 is proportional to the quark charge squared, which means that at high invariant masses the charm contribution to F γ 2 should be almost as large as the contribution from up quarks. Due to the low efficiency for charm tagging the charm quark contribution to F γ 2 has never been measured. The structure function F γ 2,c receives two contributions which are clearly separated in x, Figure 12 . At low values of x the hadronic contribution dominates, whereas the point-like contribution is concentrated at high values of x. The NLO corrections are rather small, see Figure 12 , indicating a good stability of the perturbative QCD prediction. The hadronic contribution is directly proportional to the gluon density in the photon and due to the large mass of the charm quark the point-like contribution is a pure QCD prediction which is unambiguously defined to NLO [23] . Given this a simultaneous measurement of the gluon density in the photon and of a pure QCD prediction is possible using the production of charm quark pairs in deep inelastic electronphoton scattering. The calculations from Ref. [23] show that for E tag /E b > 0.5, θ tag > 40 mrad, m c = 1.5 GeV, µ = Q and a charm tagging efficiency of 1-2% several thousand events could be seen for an integrated luminosity of 20 fb −1 . A good understanding of the spectrum of beamstrahlungs photons is needed as they contribute a significant fraction to the production of the charm quark pairs.
(a) (b) Figure 13 : The signature of the BFKL Pomeron in σ γ ⋆ γ ⋆ , from Ref. [25] . Shown are (a) a sketch of the process and (b) the expected event rates with (full line), and without (dashed line) the BFKL Pomeron for a specific phase space, see text.
Since quite some time the search of BFKL signatures at HERA attracted broad interest. The observables studied are the behaviour of the proton structure function at small values of x and the production of forward jets. In e + e − collisions the BFKL Pomeron would show up in an enhanced total cross section for the scattering of highly virtual photons, σ γ ⋆ γ ⋆ [24] [25] [26] . The diagram of the reaction is shown in Figure 13(a) . In order to freeze the Q 2 evolution the two photons are required to have similar virtualities. Then the BFKL Pomeron would lead to an enhanced cross section over the two gluon exchange, which is the first significant contribution without BFKL. Defining,
2 and s 0 = Q . The detector requirements are very demanding. In order to observe the BFKL signal which dies out like Q −6 the instrumentation of the mask is a must. In addition the observation of the enhancement relies on the ability to detect electrons of relatively low energy of only 20 GeV. This is very challenging given the magnitude of the expected machine background discussed above.
(a) (b) Figure 14 : The prospects for W pair production at a future linear collider, from Ref. [27] . Shown are the Born cross sections and the O(α) cross sections for the reaction γγ → W + W − (γ) for different helicity states of the incoming photons and the outgoing W bosons. The curves nearest to the helicity symbols denote the O(α) corrected cross sections.
Due to the high energy photons produced at a PLC the large cross section for γγ → W + W − (γ) can be exploited. Figure 14 shows the cross sections for W W and W W γ final states for the Born term and the O(α) corrections in a restricted range in polar angle of the W bosons, 10 < θ W < 170 deg, [27] . The cross section at √ s γγ = 500 GeV within this restricted range is σ γγ = 61 pb, which is to be compared with a cross section of only σ ee = 6.6 pb in the e + e − case at √ s ee = 500 GeV. It is found that the radiative corrections are moderate at √ s γγ = 500 GeV but do strongly depend on θ W , so special care has to be taken. With such a sample of O(10 6 ) W + W − pairs per year detailed studies of the anomalous couplings of the W can be performed. With the natural order of magnitude of the predicted anomalous couplings the standard model cross sections have to be known to better than 1% to measure these small numbers. Given the high rate and the precise prediction the W pair production is in addition a good candidate to monitor the γγ luminosity at a PLC. Figure 15 : Higgs production at a future linear collider, from Ref. [28] . Shown are (a) the photon luminosity spectrum assumed for the Higgs search, (b) the expected event rate using the spectrum of (a), (c) the photon luminosity spectrum assumed for the measurement of Γ(H → γγ) and (d) the expected event rate for the measurement of Γ(H → γγ) using the spectrum of (c).
Since long the search for the Higgs boson has been performed at various colliders, but without success so far. The PLC collider is an ideal place to search for the Higgs boson as at such a machine the Higgs boson is produced as an s-channel resonance. The most promising channel is γγ → H → bb. This channel receives background from the non resonant production of bb pairs and also of cc pairs which are misidentified as bb final states. To achieve a good signal to noise ratio several facts have to be exploited [28] . To suppress the continuum production of bb and cc a vanishing third component of the total angular momentum of the γγ system, J z = 0, Figure 15 (a), has to be selected. In addition a good tagging efficiency for bottom quarks, ǫ b > 90%, and a good suppression of charm quarks of ǫ c→b < 5% is mandatory. Assuming these numbers, together with a mass resolution of 0.1M H (FWHM), a signal with larger than 10 σ significance can be established in the range 80 < M H < 140 GeV for an integrated luminosity of 10 fb −1 [28] , Figure 15 (b). Once the Higgs has been seen a very fundamental measurement to be performed is the determination of the total width, Γ(H → γγ), as it is sensitive to all new particles in the loop which couple to the Higgs. The results of a feasibility study [28] can be seen in Figure 15(c,d) , where the expected event rates are calculated for a restricted range in polar angle for the produced Higgs bosons of | cos θ| < 0.7. Assuming a resolution of σ M H = 0.1M H the total width Γ(H → γγ) can be determined with an O(10%) error for an integrated luminosity of 10 fb −1 [28] .
(a) (b) Figure 16 : Prospects for the Higgs search in the rection γγ → H → ZZ, from Ref. [29] . Shown are (a) the cross sections as a function of the e + e − centre-of-mass energy and (b) the invariant mass distributions at √ s ee = 500 GeV for Z pair production in γγ collisions at a future linear collider using the photon spectrum of a PLC. The curves are for different helicities of the Z bosons and different masses of a hypothetical Higgs boson.
Another interesting channel is the reaction γγ → H → ZZ. As can be seen from Figure 16 the cross section strongly depends on the helicities of the Z bosons. In this channel Higgs signals up to M H = 350 GeV can be observed. For higher masses the background from the continuum Z T Z T production is too high [29] .
Summary
The linear collider is an unique place to investigate two photon physics at the highest energies. Due to the high centre-of-mass energy of the photon-photon system especially in the case of the γγ collider new channels like Higgs bosons, W pairs and Z pairs are open to be copiously produced in reactions of two photons. This opens a very rich field of interesting measurements to be performed. The tagging of electrons down to the lowest possible angles is a challenging task, but it is mandatory in order to achieve overlap in Q 2 with the measurements of the photon structure function F γ 2 at LEP. In this report the available information on the prospects for the measurement of the structure function F γ 2 at a future linear collider was extended by a detailed discussion of the prospects for the measurement of the Q 2 evolution of F γ 2 . In all physics channels a careful determination of the γγ, eγ and ee luminosity distributions is essential. Lots of work is in front of us to bring a linear collider to life, but it should be fun and the physics potential is certainly worth the effort.
